Lysosomal accumulation of cholesterol is a hallmark of Niemann Pick type C (NPC) disease caused by mutations primarily in the lysosomal membrane protein NPC1. NPC1 contains a transmembrane sterol sensing domain (SSD), which is supposed to regulate protein activity upon cholesterol binding, but the mechanisms underlying this process are poorly understood. Using atomistic simulations, we show that the binding of cholesterol to the SSD of NPC1 suppresses conformational dynamics of the luminal domains which otherwise bring the luminal N-terminal domain (NTD) closer to the lipid bilayer. The presence of an additional 20% membrane cholesterol has negligible impact on this process. We propose that cholesterol acts as an allosteric effector, and the modulation of NTD dynamics by the SSD-bound cholesterol constitutes an allosteric feedback mechanism in NPC1 which controls cholesterol abundance in the lysosomal membrane.
Materials and methods 67 Construction of the NPC model system for all-atom MD 68 simulations 69 We used a recent crystal structure (PDB: 5U73) to model NPC [35] . The structure lacks 70 the NTD and TM1. The missing NTD and TM1 were modeled using the cryo-EM 71 structure (PDB:3JD8) [12] . The remaining missing loops were modeled using 72 Modeller [36] [37] [38] [39] . Mannose type N-glycans(GlcNAc 2 Man 3 ) were added were added 73 using the doGlycans tool [40] . All disulphide bonds described in literature [12, 35] were 74 retained. Binding of NPC2 to NPC1, sterol transfer between both proteins and 75 NPC2-mediated sterol exchange between model membranes requires an acidic pH as 76 found inside LE/LYSs. [12, 15, 41, 42] . The histidine residues in the luminal region were 77 kept protonated. The first 20 residues were removed from the structure because these 78 residues comprise a signaling sequence for NPC. The protein was embedded in a POPC 79 bilayer containing 500 lipid molecules, which was constructed using Binding of Cholesterol to the SSD 114 To assess the role played by cholesterol in controlling NPC1's conformational dynamics, 115 we launched three sets of simulations: NPC1 in a pure POPC membrane, in a membrane 116 consisting of POPC with 20% cholesterol and in a POPC bilayer with a single 117 cholesterol bound to the SSD of NPC1. These three systems are henceforth referred to 118 as POPC, POPC-CHOL and POPC-CHOL-bound respectively. Each setup was 119 simulated in 10 replicates for 200 ns, giving a total simulation time of 2 µs in each case. 120 In the POPC-CHOL-bound simulations, cholesterol binds into the hydrophobic 121 pocket created between helices TM3, TM4, and TM5 ( Figure 1A) . The hydrophobic 122 backbone of cholesterol is surrounded by hydrophobic residues Val621, Tyr628 and 123 Ile635 on TM3, Ile658 and Ile661, Leu665 on TM4 and Ile687 on helix TM5. Glu688 on 124 TM5 forms a hydrogen bond with the cholesterol hydroxyl group. Further molecular 125 features of the cholesterol binding pocket and their significance is further explained in 126 the section Cholesterol binding to the SSD. In the POPC-CHOL simulations, a 127 cholesterol molecule diffuses into the same binding site inside the SSD within the first 128 few nanoseconds in each of the 10 simulations, which started with different initial ns, although there were several binding and unbinding events to the same binding site 134 before a cholesterol molecule bound stably to the binding site. Accordingly, cholesterol 135 in the membrane will rapidly bind to the SSD of NPC1. Thus, the only difference 136 between the POPC-CHOL and POPC-CHOL-bound systems is the presence of free 137 membrane cholesterol in the former system. Figure 3 shows the distance between NTD and upper leaflet of the membrane. Both the 151 distance between the center of masses ( Figure 3A ) and the minimum distance 152 ( Figure 3B ) between the NTD and the upper leaflet of the bilayer are measured.
153
According to both measurements, the NTD is closer to the membrane in the absence of 154 cholesterol. The membrane becomes thicker by 0.4 nm when it contains 20% Cholesterol 155 ( Figure 3C ) and this can affect the distance between protein NTD and membrane upper 156 leaflet. Assuming that the upper leaflet is elevated by half of the thickness increase with 157 20% membrane Cholesterol, we expect a 0.2 nm relative decrease in the average 158 distances for POPC-CHOL in Figure 3A . On the contrary, the NTD distance for
159
POPC-CHOL appears to be about 1 nm greater compared to POPC in the distance 160 distribution ( Figure 3A ). The distance distribution for the POPC-CHOL-bound 161 simulations demonstrates the importance of binding of only one cholesterol molecule in 162 the binding site of NPC1. In this case there is no additional cholesterol in the membrane, 163 and thus the membrane properties and thickness are the same as 20% membrane 164 cholesterol. Yet, the distance between NTD and membrane is significantly higher.
165
To quantify the flexing of the NTD towards the membrane, we measure the angle 166 between two vectors: one vector connecting the center of mass of the middle luminal 167 domain (MLD) with that of the NTD (vector 1) and another vector connecting the 168 center of mass of the transmembrane domain (TMD) with that of the MLD (vector 2; 169 Figure 3A ). The distribution of this angle, designated α is centered at about 60 • for all 170 three systems, whereas α values are slightly lower for the POPC-CHOL system 171 indicating a more upright orientation of the NTD in this system ( Figure 3B ). For the 172 POPC system, a second population of α centered at 90 • is found, indicating that the 173 NTD approaches the membrane when no cholesterol resides in the bilayer. To rule out 174 overall rigid-body protein tilting which can also bring the NTD towards the membrane, 175 we analysed the distribution of the angle between vector 2 and the bilayer normal 176 ( Figure 3D ). There are minor differences in the three distributions. flexibility of the protein in the POPC system, as described in the following sections.
183
The angle analysis in Figure 3D and E are consistent with the distance analysis in 184 Figure 3B and C, demonstrating that the NTD is more flexible and bends towards the 185 membrane interface in the absence of cholesterol in the bilayer. Surprisingly, the A covariance and principal components analysis reveals that the first two eigenvalues 193 account for 55%, 43% and 48% of the fluctuations (see Figure 4E ) in the POPC,
194
POPC-CHOL and POPC-CHOL-bound cases, respectively. Motions along these degrees 195 of freedom constitute the largest amplitude collective modes determined from the MD 196 trajectories. The amplitude (square root of the eigenvalue) of collective motions is much 197 larger for the POPC simulations compared to the cholesterol-free simulations ( Figure 4 ). 198 Due to their dominance, we further analyse the global collective motions along the first 199 two eigenvectors. Each protein conformation is projected upon the two dimensional conformations marked (1) in Figure 4A represents the flexed state and is present in the 214 POPC system, but not in the other two systems. In Figure 4B the projection of first 215 two eigenvectors of three types of simulations on the same eigenspace as in A is shown. 216 The similarity between the two cases with cholesterol is apparent. As a consistency 217 check we repeat the same analysis, but now projecting all trajectories onto the 218 eigenspace formed by the first two eigenvectors of the POPC-CHOL simulations 219 ( Figure 4C ). Global collective motions along the first eigenvector bring the NTD closer 220 to the membrane, and the cluster of conformations marked (2) in Figure 4C which represents the flexed state, is again present only in the POPC system. MI n values are shown on the right panels. In the case of the POPC simulations, the three copies analysed are those where significant NTD flexing towards the membrane is observed. In the other cases, concatenated trajectories from 10 independent simulation copies are used. The dashed line in A, B and C indicates the 40% cutoff. Note that the scale of the ordinate (y-axis) is different on the right panels.
In summary, the PCA analysis shows that NPC1 explores a larger part of the the SSD and other domains, in particular the NTD, we use GSAtools [58] [59] [60] a software 235 based on a structural alphabet of protein secondary structures. Four consecutive amino 236 acid residues are combined into a fragment (f ) such that two consecutive fragments 237 share three residues. Each fragment is uniquely described by a set of three independent 238 angles which can change during the course of an MD simulation. A structural alphabet 239 is used to describe prototypical backbone conformations based on these three angles [59] . 240 During an MD simulation, each fragment gets assigned to a structural alphabet based 241 on the measurement of the three angles at a specific time step. Thereafter, each protein 242 conformation sampled during an MD trajectory can be described as a sequence of 243 structural alphabets, akin to the description of a protein sequence by amino acid 244 alphabets. A network of correlated motions can then be modelled as transitions between 245 these protein fragment descriptors. Finally, an allosteric signal propagation is quantified 246 by the extent of information exchange through such a network. The method has been 247 successfully used to investigate allosteric signalling in proteins such as cardiac 248 myosin [64] and the Ras GTPase [65] . We first calculate a quantity called the mutual information MI n , which is obtained 250 by correlating the projection of the first eigenvector ( Figure 4 ) to the local motions of 251 individual fragments using GSAtools [59, 60] . Fragments with high MI n values 252 contribute significantly to global collective motions (please refer to the Methods section 253 for the definition of MI n ). To filter out less-important fragments (with low MI n ), we 254 extract fragments within the top 40% MI n values. The 40% cutoff is chosen to relate 255 the MI n values to the allosteric network described below. We note that the MI n values 256 are significantly higher in POPC compared to the POPC-CHOL and 257 POPC-CHOL-bound systems ( Figure 5 ).
258
To extract an allosteric path from the SSD to the NTD, we select nodes (fragments) 259 and edges (connections between fragments) which have an information I n LL weight of 260 more than 50%. I n LL estimates the extent of correlation between the conformations of 261 pairs of protein fragments. A graph is generated from the remaining nodes and edges, 262 after implementing the 50% cutoff. The nodes f242 and f618 are fed as the endpoints to 263 this network, Thereafter, a shortest path, deemed as the allosteric path, is retrieved 264 between these two fragments by choosing a distance-based cutoff, i.e. fragments that are 265 too far apart in Cartesian space must have an intermediate fragment to be part of the 266 same allosteric pathway.
267
The most probably allosteric path between the SSD (fragment f618, residues 268 618-621) and the NTD (fragments f241-f242, residues 241-246) passes through fragment 269 f534 in the MLD, f396 in the MLD and f1014 in the CTD ( Figure 6 ). 
296
If specific amino acid residues or regions around these residues are important for the 297 functional dynamics of the protein domains, it is also likely that mutations in these 298 amino acids lead to compromised cholesterol transport and disease. More than 100 299 disease-causing mutations have been mapped onto the different domains of NPC1 [35] . 300 Several of these mutations are close to the allosteric network that we describe. For 301 example, several mutations leading to a clinical phenotype of NPC disease and strongly 302 impaired cholesterol esterification in a cellular functional assay have been described for 303 two residues close to f396 in the MLD between TM2 and TM3; namely P401L, P401T, 304 R404Q, R404P and R404W [66] [67] [68] . Although residues 401 and 404 do not strictly lie 305 within fragments 396 (residues 396 to 399), mutations in 401 and 404 are highly likely 306 to influence the conformations of the nodes in the allosteric path, and, thus, affect the 307 dynamics of the NTD. In fact, the R404Q mutation is among the most frequent 308 mutations in 143 patients studied by [68] . Also in the MLD are two 309 mutations, which either belong to f534 in our analysis (F537L) or are very close 310 (P543L), both being associated with a severe infantile clinical phenotype of NPC 311 disease [69] . At the interface of SSD and MLD, mutations in or close to f618 have been 312 found to lead to severe manifestations of NPC disease (i.e., R615C and R615L as well as 313 E612D) [68] [69] [70] . In the CTD, three mutations belonging to f1014 have been described 314 (i.e., G1012D, G1015V and H1016R), which result in strong lysosomal accumulation of 315 non-esterified cholesterol in patient fibroblasts and also lead to juvenile NPC disease 316 with psychomotoric retardation and early death [68, 71, 72] . Similarly, in the NTD, 317 severe missense mutations are found in or close to f242 (i.e. D242H, D242N and 318 P237S) [66, 67, 73] . Importantly, that region of the NTD is not involved in sterol binding 319 but located on the surface of this domain [66, 74] . Together, these results show that the 320 allosteric signaling path that we predict for NPC1 can be mapped to known clinical 321 mutations of the protein, thereby highlighting the relevance of our analysis.
322
The allosteric network provides the initial clues for further investigation of Cholesterol binding to the SSD 328 As described earlier, cholesterol binds to the SSD between helices TM3, TM4 and TM5 329 and acts as a hydrophobic glue, which alters the orientation and dynamics of several 330 side chains in the TMD. The radial distribution function between Glu688 and the 331 cholesterol hydroxyl group indicates that a hydrogen bond between these two moieties 332 ( Figure 1B) anchors the cholesterol headgroup to the SSD. Glu688 is either conserved, 333 or is replaced by a Glutamine (Supplementary Figure 2) , which is also capable of 334 making strong hydrogen bonds with cholesterol. Note that a Glutamine residue 335 resembles a protonated version of Glutamate, and the side chain of Glutamine can still 336 form a hydrogen bond with the hydroxyl group of cholesterol.
337
Glu688 lies close to Pro691, which is a highly conserved residue in NPC1, SCAP, 338 Patched, and HMG-CoA reductase. The Pro691Ser mutation abolishes the cholesterol 339 transfer function of NPC1 [75, 76] . Proline is a helix breaking amino acid, and the 340 Pro691Ser mutation is likely to significantly alter the conformation of helix TM5, such 341 that the binding of cholesterol to Glu688 becomes unfavourable. The Tyr634Ser and 342 Tyr634Cys mutations also have a compromised cholesterol transfer function [76] . Tyr634 343 lies at the cytoplasmic end of of helix TM3, and although distant from cholesterol, is 344 involved in a π-π stacking with residue Phe1207 on helix TM12 (Supplementary figure 345  10) . The Tyr634 sidechain is anchored to TM12 by means of this stacking, and by a Figure 7C and Figure 7D ), which is weaker in the absence of 369 cholesterol (POPC simulations). Asp620 is part of fragment f618 in the allosteric path. 370 The salt bridge stabilises the long helix TM3, which connects the C-terminal end of the 371 MLD to the transmembrane helix bundle. In the absence of cholesterol, the salt bridge 372 is significantly weaker and this correlates with the unfolding of TM3 near residues 615 373 to 618 ( Figure 7E ). TM3 splits into two helices upon kinking: the TM helix between 374 residues 620 and 638 (TM3a), and a linker helix between residues 606 and 615 (TM3b) 375 ( Figure 7F ). When the NTD is flexed, TM3b is sometimes almost parallel to the 376 membrane surface ( Figure 7H) , thus reducing the overall linker length between the (Supplementary figure 9 ). In the POPC-CHOL simulations, the membrane is 382 thicker, and this likely contributes to the reduced kinking propensity of TM3, compared 383 to that in the POPC-CHOL-bound simulations. Therefore, the angle distribution for 384 the POPC-CHOL simulations in Figure 7F is shifted to the right. Note however, that 385 the kink is still significantly higher for POPC, compared to the POPC-CHOL-bound 386 simulations, indicating that free cholesterol content in the membrane alone does not 387 drive changes in the conformation of TM3. The kinking of TM3 results in a rigid body 388 movement of the MLD, which eventually leads to the flexing of the NTD, by the 389 mechanism further described below.
390
The greater movement of the MLD in the absence of cholesterol weakens several key 391 contacts between the CTD and the MLD which are otherwise present when a cholesterol 392 molecule is bound to the SSD. Two of these contacts lie on the MLD helix between 393 residues 387 and 399. The first of these is the salt bridge between Glu391 on the MLD 394 and Arg1077 on the CTD (Figure 8A through Figure 8D ). The charge reversing E391K 395 mutation has been recently identified to cause NPC disease, and is certain to break the 396 salt bridge between Glu391 and Arg1077 [77] . The second contact is π-π stacking between residue Phe399 on the MLD and residue Tyr890 on the CTD ( Figure 8E 398 through Figure 8H ) . Glu391 is close to, while Phe399 lies exactly on fragment f396 399 implicated in the allosteric network. The third contact is a hydrophobic network of 400 interactions between residues Phe537 on the MLD and residues Ala1017 and Ala1018 on 401 the CTD ( Figure 8I through Figure 8L ). The hydrophobic interactions are strengthened 402 in the presence of an SSD-bound cholesterol. The loss of the interactions between these 403 two regions in the absence of cholesterol is manifest in the appearance of both fragment 404 f534 and fragment f1014 in the allosteric pathway in the POPC system. (Figure 9 ). Cys956, which is close to Gln953, is 411 disulfide-bridged to Cys1011, which is close to the fragment f1014 implicated in the 412 allosteric path. Disruption of the hydrogen bond between Glu61 and Gln953 is likely to 413 be important in the flexing of the NTD, and increases the overall distance between the 414 NTD and the CTD (Supplementary figure 11) . it to TM1 (residues 263 to 287). The flexing of the NTD towards the membrane involves 417 significant conformational rearrangement of the proline-rich linker, which is capped by 418 residues 243. We propose that the appearance of the final allosteric node in the network: 419 fragment f242, is associated with this rearrangement (Supplementary Figure 3) . 420 In summary, the interactions between the luminal CTD, MLD and NTD domains are 421 rather dynamic in the absence of cholesterol in the SSD, and this enables the NTD to 422 intermittently flex and approach the membrane. In the presence of cholesterol, however, 423 this interaction network is stabilised, and prevents the free movement of the NTD.
424
Discussion 425 NPC1 is a putative sterol transporter in the lysosome with at least two binding sites for 426 cholesterol, one in the NTD, and another in the SSD. Here, we show that the binding of 427 a single cholesterol molecule to the SSD in NPC1 has a remarkable allosteric 428 consequence for the conformations of the luminal domains, in particular of the NTD. 429 Allostery has long been considered to take place as a series of discrete changes in a 430 protein conformation upon binding of an effector molecule, often at a distal site in a 431 protein. Recent studies, however, emphasize the ensemble view and the role played by 432 altering the conformational dynamics of a protein upon ligand binding in driving 433 allosteric transitions (e.g. [78] ). According to the ensemble view, allostery can take 434 place entirely without gross conformational changes when the dynamics of a protein 435 gets altered. Such transmission of allosteric signals can occur in some systems, for 436 example, by the organisation of semi-rigid domains or subunits interacting via flexible 437 regions, such that local binding events propagate over a long distance ( [79] ), as noted 438 by [80] . In fact, the ensemble view was proposed 35 years ago in a theoretical model put 439 forward by Cooper and Dryden [81] who suggested that minute but global 440 "rigidification" of a protein by a ligand can cause positive co-operativity and allosteric 441 transitions. The results we present here fit very well in the ensemble view. We 442 demonstrate how cholesterol acts an effector by reducing the conformational dynamics 443 of NPC1. The binding of cholesterol shifts the ensemble of possible conformations by 444 stiffening a few selected modes, which we elucidate in detail. The allosteric signal passes 445 through the semi-rigid CTD, MLD and NTD domains, via flexible regions which we 446 characterize as key nodes in the allosteric path. We provide a pathway for signal 447 transmission from the SSD to the NTD and suggest that this process is instrumental for 448 cholesterol pick up in the NTD at the luminal side of the lysosome.
449
What is the mechanistic relevance of allosteric confinement of the NTD in NPC1 450 upon binding of cholesterol in its transmembrane sensing domains? A definite answer to 451 this question requires knowledge of the exact mechanism with which NPC1 picks up 452 cholesterol from NPC2 and shuttles it into the lysosomal membrane. Despite significant 453 progress in the description of the molecular details of NPC1-driven cholesterol transport 454 in the last few years, as summarised in a recent review [24] , the mechanism of 455 cholesterol pickup and transfer is not known definitively. One can therefore only NPC1 molecule (intermolecular transfer, [82] ). In the presence of an SSD-bound 467 cholesterol, the NTD remains distant from the membrane, preventing a potential 468 cholesterol transfer to the SSD or the membrane. 469 2) binding of cholesterol in the SSD acts in a positive feedback loop. In 470 this scenario, confinement of the NTD in the upright position assists cholesterol 471 transport, by a mechanism different from the above-described "handover" 472 mechanism [24] . As the glycocalyx is 5-8 nm thick around the protein, the NTD cannot 473 transfer a cholesterol molecule to either the SSD, or directly to the membrane by just Saccharomyces cerevisiae NPC protein NCR1, the NTD is positioned to deliver a 495 cholesterol molecule to the luminal domains, and that cholesterol reaches the membrane 496 via a tunnel pathway between the MLD and CTD [85] . Whether a similar mechanism 497 applies to the mammalian NPC1 remains to be seen, but a conformationally flexible 498 NTD is necessary for cholesterol to get transported via the tunnel mechanism as well.
499
As the binding on-rate constant is bimolecular, the cell can fine tune the binding 500 affinity of cholesterol to the SSD of NPC1 by regulating cholesterol abundance in the 501 lysosomal membrane. Several proteins have been suggested to receive cholesterol from 502 NPC1 for export to other cellular membranes, like the ER or the plasma membrane [86] . 503 We speculate that such protein-mediated outflow of cholesterol from the lysosomal 504 membrane contributes to a relatively constant cholesterol level and to setting the 505 allosteric threshold for NPC1 function.
506
In conclusion, we demonstrate that without cholesterol, the luminal domains of The simulations were performed with NPC1 embedded in a simple POPC bilayer to 516 model the lysosomal membrane, which has a much more complex composition also 517 containing sphingolipids, which can bind cholesterol, and potentially influence 518 Fig 10. Proposed allosteric mechanism. In the presence of an SSD-bound cholesterol (left), TM3a and TM3b form a nearly continuous helix. Without a cholesterol in the SSD, a salt bridge between Arg620 and Lys1217 breaks, ( Figure 7B ) and TM3 unfolds near Asp620. The unfolding of TM3 triggers a series of events which breaks contacts between the luminal domains, ultimately disengaging the NTD from the rest of the protein.
NPC1-membrane interactions and modulate the conformational dynamics of the protein. 519 Additionally, the lysosomal membrane is asymmetric, containing different types of lipids 520 in the two leaflets. There is also a pH gradient across the lysosomal membrane. In our 521 simulations, periodic boundary conditions impose the constraint that the luminal and 522 cytosolic compartments are identical, although the initial protonation states of the 523 luminal amino acid residues are chosen based on a pH of 5.0. The glycocalyx which can 524 possibly contain charged sugars such as sialic acid, is also not modelled here. All of 525 these complexities can alter the conformational dynamics of NPC1. We have not placed 526 any sterol in the NTD pocket, and this will be implemented in future work. Information 527 about residence times and binding kinetics of cholesterol in the SSD can also be gleaned 528 from Markov state Models which necessitate a much larger number of simulations of 529 longer length ( [87] ). (RMSD) from the initial structure for all simulations. S1 through S10 denote the 533 10 different simulation copies. (D) Histogram of the RMSD. 
